INTRODUCTION {#sec1-1}
============

CyclinD1 is an initiator and activator of cell cycle and its level is under strict control in normal cells, whereas it is overexpressed in a wide range of human tumors, including breast cancer as being reported in about 15% of human primary breast cancers and in up to 50% of invasive breast cancers.\[[@ref1]\] In cooperation with CDK4/6 kinase, cyclinD1 regulates cell cycle progression, angiogenesis, lipogenesis, and mitochondrial function.\[[@ref2][@ref3]\] Additionally, cyclinD1 also modulates the activity of various cellular transcription factors directly or indirectly, including estrogen receptor (ER),\[[@ref4]\] androgen receptor (AR),\[[@ref5]\] DMP1,\[[@ref6]\] BETA2/NeuroD,\[[@ref7]\] STAT3,\[[@ref8]\] and C/EBPβ\[[@ref9]\] without the participation of the CDKs. Overall, overexpression of cyclinD1 has been linked to tumorigenesis, tumor progression, metastasis, invasion, and chemosensitivity. In contrast to promotion of cell cycle, overexpression of cyclinD1 could suppress cell growth and induce apoptosis\[[@ref10]--[@ref12]\] in some circumstances.

The function of cyclinD1 displaying in cancer treatment seems ambiguous and complicated due to contradictory results from different studies in different cancer types. Increased protein level or ectopic overexpression of cyclinD1 has been shown to increase the sensitivity to chemotherapeutic treatments or radiation treatment in multiple myeloma,\[[@ref13]\] in mammary epithelial cells and in breast tumor cell lines.\[[@ref10][@ref14][@ref15]\] But, in human oral squamous cell carcinoma,\[[@ref16]\] inhibition of cyclinD1 expression increases sensitivity of response to CDDP. Furthermore, using different approaches, including DNA replication inhibitor,\[[@ref17]\] topoisomerase II inhibitors,\[[@ref18][@ref19]\] and protein kinase inhibitor,\[[@ref20]\] has demonstrated a link between overexpression of cyclinD1 and a reduced response to anticancer treatments. A previous study in our laboratory has reported that ectopic expression of cyclinD1 in an *Ela-myc* transgenic mouse tumor--derived cell line imposed resistance to CDDP.\[[@ref21]\] The discrepancies stated above, and more, may be due to different models and different drugs selected for the study or may be due to the different cell types and organs of origin chosen with, under one circumstance, cyclinD1 functioning as a prosurvival factor but as a proapoptotic factor under another circumstance. The molecular mechanisms underlying the selective effects of cyclinD1 on cytotoxic drug-induced signaling remain ambiguous.

The objectives of this study were to understand the function of the cyclinD1 protein in modulating the chemoresponses in human breast cancer cells, whether its functions in the regulation of chemoresponse require the CDK4 kinase activity and whether the function of cyclinD1 in the chemotherapeutic signaling is linked to its functions in the cell cycle promotion.

MATERIALS AND METHODS {#sec1-2}
=====================

Cell lines, retroviral vectors, and stable cell clones {#sec2-1}
------------------------------------------------------

MCF15 cell line was obtained from Karmanos Cancer Institute.\[[@ref22]\] MCF7, MB231 cell lines were originally obtained from the American Type Culture Collection (ATCC). The full-length coding region of wild-type or K112E-mutated human *cyclinD1* cDNA was cloned into the mammalian retroviral expression vector, *pMSCV-IRES-GFP* (Addgene, Cambridge, MA, USA) and was used to establish the overexpression clones. The *pCL-Ampho* vector was used as helper to produce the infective viral particles in the HEK293T packaging cells. The viral particles were then infected into MCF7 and MB231 cells further sorted by fluorescence-activated cell sorting (FACs) using GFP as a selective marker to purify the overexpression clones.

Reagents {#sec2-2}
--------

The chemical synthetic CDK4 inhibitor, naphtho\[2,1-a\] pyrrolo \[3,4-c\] carbazole-5,7(6H, 12H)-dione (NPCD)\[[@ref23]\] was dissolved with dimethyl sulfoxide (DMSO) and kept at −20°C until use. The chemotherapeutic agent, 5-FU, was purchased from Sigma Aldrich (St Louis, MO, USA) prepared in DMSO and stored at −20°C. CDDP was purchased from American Pharmaceutical Partners, Inc. (Schaumburg, IL, USA), dissolved in phosphate-buffered saline (PBS) and stored at −20°C. Gemzar (clinical injection formula of gemcitabine) was obtained from Eli Lilly (Indianapolis, IN, USA) and prepared in PBS stored at −20°C. Unless specified separately, primary antibodies used in this study were purchased from Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA), including mouse monoclonal anti-β-actin (sc-47778) and rabbit polyclonal antibodies, anti-cyclinD1 (sc-718), anti-cyclinD3 (sc-182), anti-CDK4 (sc-260), anti-CDK6 (sc-7180), anti-CDK2 (sc-163), anti-cyclin E (sc-481), anti-Rb (sc-50), anti-pRb (Ser807/811; sc-16670), anti-pRb (Ser780; sc-12901), anti-p27 (sc-528), anti-p21 (sc-397), anti-Myc (sc-788), and anti-p53 (sc-6243 and sc-126). The anticleavage poly-(ADP-ribose) polymerase (PARP) (Cat\#9541) rabbit polyclonal antibody was purchased from Cell Signaling Technology, Inc (Danvers, MA, USA). Mouse monoclonal anti-BCL-2 antibody was purchased from Millipore (Billerica, MA, USA). Peroxidase-conjugated antimouse (NA931) and antirabbit (NA934) secondary antibodies were purchased from Amersham Biosciences (Piscataway, NJ, USA).

3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay {#sec2-3}
--------------------------------------------------------------------

Cells were seeded in a 96-well microplate at 4000 cells per well in multiple repetitions to ensure 6 wells per dose for each time point in the subsequent treatments, and then the cells were incubated at 37°C with 5% CO~2~. To measure the cell proliferation, the culture medium in each 96-well plate was changed into serum-free or 10% fetal bovine serum (FBS) condition after 24 h of seeding, and 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay was performed after 4, 24, 48, 72, and 96 h of conditional culture. To evaluate the responses of cell clones to anticancer treatments, after 24 h of seeding, the culture media were changed into fresh media containing the selected drugs at a specified concentration with DMSO or PBS as vehicle control, and the MTT assay was performed at the end of each treatment following routine procedure.\[[@ref23]\] The experiment was repeated at least 3 times to ensure data reproducibility.

Clonogenic survival assay {#sec2-4}
-------------------------

Cells were seeded into 24-well culture plates at 1 × 10^5^ cells per well and allowed to adhere overnight, and then were treated with the selected drug or a vehicle control for 24 h. The cells were trypansized and evenly reseeded at a lower density (1, 2, and 3 × 10^2^ cells per well) in triplicate in a 6-well culture plate. Cells were cultured for 10--15 days, with medium change every 3 days, to let the viable cells propagate to form visible colonies. The colonies were fixed with methanol--acetic acid (3:1), stained with 1% crystal violet at room temperature; then the number of colonies in each well was counted and photographed. The experiment was repeated 3 times and the presented data are the means after statistical analysis of collected results.

Acridine orange and ethidium bromide staining {#sec2-5}
---------------------------------------------

Cells were seeded into 96-well plates at 3000 cells per well overnight and then were exposed to selected drugs at the specified concentration with 6 repetitions per treatment. AO/EB staining and photo processing were performed after 24 h as described earlier.\[[@ref23]\] Multiple photos were taken at randomly selected areas of the wells to avoid prejudicial data selection.

Cell cycle analysis {#sec2-6}
-------------------

Cells were cultured in 6-cm dishes to 70%--80% confluence. The culture media were then changed into either serum-free or 5% FBS without or with Gemzar at a final concentration of 1 μM. After 48 h incubation, both floating and adherent cells were collected, combined, washed with cold PBS, and then fixed overnight with 70% ethanol in PBS at −20°C. The cell cycle analysis and data processing were performed as described before.\[[@ref23]\]

Protein extraction and Western blot assay {#sec2-7}
-----------------------------------------

Total proteins were extracted and quantified using a Bradford assay (Bio-Rad Laboratories Inc. Hercules, CA, USA). An equal amount of protein from each sample was fractioned in SDS-PAGE and then transferred onto an Immobilon-P Nylon membrane (Millipore, Bedford, MA, USA). After blocking with 5% milk, the membrane was incubated with specific primary antibody overnight at 4°C. The membrane was washed 3 times with PBS-Tween20, incubated with horseradish peroxidase-conjugated secondary antibody for 2 h, followed by 3 washes. The signal was captured with ECL chemiluminescent substrates (Pierce, Rockford, IL, USA) visualized on X-ray film (ISC BioExpress, Kaysville, UT, USA).

Soft-agar colony formation assay {#sec2-8}
--------------------------------

There were about 1000 cells per well from each cell clone seeded with the soft-agar (0.35% agar in 10% FBS DMEM) medium into the 6-well culture plate, which was pre-coated with a layer of basal agar (0.5% agar in 10% FBS DMEM) in triplicate. The cell containing soft-agar medium was covered with 10% FBS DMEM culture medium and then maintained at 37°C, 5% CO~2~ for 14--20 days with the top medium refreshed every 4 days. At the end of the culturing, the top medium was discarded and the colonies were counted under the Leica DM IRB inverted fluorescence microscope (Leica Microsystems Inc., Bannockburn, IL, USA) using an automatic colony counting system.

Statistical analyses {#sec2-9}
--------------------

All MTT, FACs, clonogenic survival and soft-agar colony formation assays were performed in multiple repetitions in each experiment, and the experiments were repeated at least 3 times. The data were presented as mean ± SE. Statistical comparisons between groups were made with the Student\'s *t* test. A *P* value \< 0.05 is considered as significant.

RESULTS {#sec1-3}
=======

The basal levels of cyclinD1 and CDK4 do not show direct correlation with chemosensitivities of breast cancer cells {#sec2-10}
-------------------------------------------------------------------------------------------------------------------

We first evaluated the response of MCF7, MB231, and MCF15 cells to the therapeutic drugs 5-FU, CDDP, and Gemzar using MTT assay as shown in [Figure 1a](#F1){ref-type="fig"}; the basal levels of G1 phase cell cycle proteins in these cells are shown in [Figure 1b](#F1){ref-type="fig"}. Among the 3 cell lines, the MCF15 is the most sensitive one in response to all the drugs, as reported characteristic of this cell line.\[[@ref22]\] The MCF7 and MB231 cells showed similar sensitivities to the CDDP and Gemzar, whereas the MB231 cells were more resistant to 5-FU. The levels of D1 and CDK4 were not significantly different among the 3 cell lines; therefore, the levels of these proteins are not determinants of the chemosensitivities of these breast cancer cells.

![Protein expression patterns and the chemoresponses of human breast cancer cell lines. (a) Diphenyltetrazolium bromide (MTT) detection of the chemosensitivities of MCF7, MB231, and MCF15 cells to 5-FU, cisplatin (CDDP), and Gemzar. (b) The basal levels of cell cycle regulatory proteins in 3 cell lines determined by western blot assay. (c) Combination of naphtho \[2, 1-a\] pyrrolo \[3, 4-c\] carbazole-5, 7 (6H, 12H)-dione (NPCD) is synergistic with the effects of 5-FU in the MCF7 cell and the attenuate effects of CDDP in MCF15 cells. \**P*\< 0.05](JC-11-12-g001){#F1}

We then treated the 3 cell lines with 5-FU and CDDP alone or with the combination of 5-FU or CDDP with NPCD. Through inhibiting the Rb phosphorylation, blocking cell cycle progression, NPCD has been shown to have therapeutic effects as a single agent in these breast cancer cells.\[[@ref23]\] As shown in [Figure 1c](#F1){ref-type="fig"}, NPCD synergizes 5-FU but has no effect on CDDP in the MCF7 cells (top) and has no effects on either drug in the MB231 cells (middle), while NPCD attenuated the effects of 5-FU and CDDP in the MCF15 cells (bottom). This result indicated that the cyclinD1 or the cyclinD1CDK4/6 kinase is engaged in the signaling response to treatments in human breast cancer, whereas the functions may be cell-type specific and drug specific.

To pursue the role of cyclinD1 and the cyclinD1CDK4/6 kinase in the regulation of chemoresponsivity in human breast cancer, we ectopically expressed the wild type of cyclinD1 (D1) or the K112E mutant cyclinD1 (D1KE) protein in the MCF7 and MB231 cells. The GFP-positive clones were maintained, enriched, confirmed by RT-PCR and Western blot assay and then subjected to downstream studies. It has been proved that the K112E mutated cyclinD1 protein could not activate the CDK4 kinase although the complex is still formed.\[[@ref24]\]

Expression of ectopic cyclinD1 protein sensitizes the MCF7 cells' response to CDDP, Gemzar, and CDK4 inhibitor, which may require the CDK4 kinase activity {#sec2-11}
----------------------------------------------------------------------------------------------------------------------------------------------------------

MCF7, a widely studied ER-positive breast cancer cell line, ectopic expression of the D1 or D1KE protein resulted in distinct effects on responses to anticancer treatments.

The responses to anticancer treatments detected by MTT assay after 72 h of treatments are shown in [Figure 2a](#F2){ref-type="fig"}. The viable cells were 5% fewer with CDDP treatment and 10%--13% fewer with Gemzar treatment in the D1 clones compared with the vector and D1KE clones. In response to NPCD, the D1KE clones showed 20% more viable cells than the vector and the D1 clones and 5% fewer viable cells in the D1 clones compared with the vector clones. Overall, the D1 clones were more sensitive to the chemotherapeutic drug; on the other hand, the sensitivities between the vector and the D1KE clones were very similar.

![Effects of ectopic expression of D1 or D1KE protein in MCF7 cell on the responses to NPCD, CDDP, and Gemzar. (a) Diphenyltetrazolium bromide (MTT) to determine the chemosensitivities in response to CDDP, Gemzar alone or their combination with NPCD. (b) Acridine orange/ethidium bromide (AO/EB) staining to evaluate the cell death after 24-h treatment with NPCD, CDDP, or Gemzar. (c) Clonogenic survival assay assessment of the drugs' persistent effects. The 3 wells indicated the consecutive seeding numbers of the same cell clone from same treatment. The chart represents the mean of 3 individual experiments shown as the survivability. \**P*\< 0.05](JC-11-12-g002){#F2}

Drug-induced cell death was evaluated by the AO/EB staining in these clones after 24 h of drug treatments as shown in [Figure 2b](#F2){ref-type="fig"}. The ratio of dead cells (red or orange) to the living cells (green) was higher in the D1 clones than in the vector and the D1KE clones further confirming the enhanced sensitivities of the D1 clones to the treatments. The persistent effects of these anticancer treatments on the different cell clones were examined by the clonogenic survival assay and the results summarized from 3 individual experiments are shown in [Figure 2c](#F2){ref-type="fig"}. The survivability was calculated with the average colony number from each treatment in each cell clone as the percentage of the average colony number from the same clone without treatment. The results further confirmed the higher sensitivity of the D1 clones to all the treatments among 3 clones, whereas the D1KE clones also were more sensitive than the vector clones but less significantly than the D1 clones. The difference exhibited from the clonogenic survival and MTT assay was that the survivability was much lower than the viability determined in the MTT assay when the same cell clone received the same dose of the drug, which suggested the persistent effects and the differences in response to the chemotherapeutic drugs among cell clones constantly exist. Together, the 3 techniques consistently detected the higher sensitivity of D1 clones in response to the anticancer treatments, whereas the D1KE clones respond differently to each drug compared with the D1 clones.

Simultaneously targeting the CDK4 kinase and ectopically expressing cyclinD1 protein potentiate the effects of CDDP but antagonize the effects of Gemzar {#sec2-12}
--------------------------------------------------------------------------------------------------------------------------------------------------------

NPCD, the CDK4 inhibitor, affects the chemosensitivity of MCF7 cells as shown in [Figure 1c](#F1){ref-type="fig"}, and to ascertain whether these effects exist during the ectopic expression of D1 or D1KE protein, we then performed the MTT assay using the combination of 2 μM NPCD with CDDP and Gemzar in the treatment of those cell clones.

Inhibition of CDK4 activity potentiates the effects of CDDP as shown in [Figure 2a](#F2){ref-type="fig"}. The viable cells dropped from 73% to 55% in the vector clones, from 68% to 45% in the D1 clones, and from 72% to 63% in the D1KE clones. In contrast, inhibition of CDK4 activity has minor effect on Gemzar in the vector clones with the viable cell dropping from 60% to 57% but with no obvious effects in the D1 and the D1KE clones. Moreover, simultaneous inhibition of the CDK4 did not switch the patterns of the 3 cell clones in response to CDDP or Gemzar compared with the patterns in response to CDDP and Gemzar alone, which, the D1 clones are more sensitive to both the drugs.

Collectively, ectopic expression of the wild-type cyclinD1 protein sensitizes the MCF7 cell responses to anticancer agents and in contrast, the K112E mutant expression clones showed less effect, which indicated the requirement of CDK4 kinase activity in the D1 function under this circumstance.

Ectopic expression of cyclinD1 protein in MCF7 cells has no effects on the cell cycle progression; rather it promotes the anchorage-independent cell growth in a kinase activity-independent manner {#sec2-13}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Were the different sensitivities responding to anticancer treatments observed in MCF7 derivatives linked to the D1 function in promoting cell proliferation?

We assessed the levels of several G1--S phase cell cycle regulatory proteins under serum-free and 10% FBS culture conditions in the MCF7 derivatives \[[Figure 3a](#F3){ref-type="fig"}\]. The levels of CDK4, CDK6, CDK2, cyclinE, and the endogenous D1 proteins were higher in the vector clones than in the D1 and D1KE clones, whereas the level of Myc protein was higher in the D1 and the D1KE clones than in the vector clones. The Rb protein was induced slightly by 10% FBS and its levels were similar in 3 cell clones. The CDK4/6 phosphorylated Rb proteins, detected by 2 specific antibodies, were dramatically induced by the addition of 10% FBS in the vector and D1 clones reaching similar levels among the 3 clones while under serum-free conditions; only in the D1KE clones, its level was as high as at the 10% FBS condition. It could indicate a continuously activated Rb phosphorylation in the D1KE clones. We then evaluated cell proliferation by MTT assay as shown in [Figure 3b](#F3){ref-type="fig"}. In a 96-h period, either serum-free or in 10% FBS, the growth rate was similar among the 3 cell clones at the same condition, and there was no difference in the growth rate under 5% versus 10% FBS in all cell clones (data not shown). We further analyzed the cell cycle of the MCF7 cell clones by FACs as shown in [Table 1](#T1){ref-type="table"}. Compared with the 10% FBS culture condition, serum deprivation resulted in an increase of G1 phase cell population in the 3 clones that was 16% in the vector clones and 9% in both the D1 and D1KE clones. The distinct effects of D1 and D1KE proteins on cell growth in MCF7 cell were observed in soft-agar assay as summarized in [Figure 3c](#F3){ref-type="fig"} from 3 individual experiments. The D1KE clones displayed the highest rate of colony formation and the vector clones showed the lowest rate. Obviously, the cyclinD1 protein is able to promote MCF7 cell anchorage-independent cell growth, which is CDK4 activity independent or possibly the CDK4 activity may inhibit this function.

![Effects of ectopic expression of D1 or D1KE protein in MCF7 cell on the cell cycle protein expression and cell growth. (a) The expression of several cell cycle regulatory proteins in MCF7 cell clones under serum free or 10% fetal bovine serum (FBS) culture conditions. (b) Cell proliferation measured by diphenyltetrazolium bromide assay in MCF7 cell clones under serum free and 10% FBS culture conditions within 96 h. (c) Soft-agar assay to assess the anchorage independent growth of the MCF7 cell clones. \**P* \< 0.05](JC-11-12-g003){#F3}

###### 

Cell cycle patterns of MCF7 cell clones

![](JC-11-12-g004)

Ectopic expression of the cyclinD1 protein attenuates the chemoresponses of MB231 cells and is partially CDK4 activity dependent {#sec2-14}
--------------------------------------------------------------------------------------------------------------------------------

In the MB231, a triple (ER, PR, and Her2) negative, more malignant basal-like breast cancer cell line, we applied the same strategy to investigate the role of cyclinD1 protein and its kinase partner in the chemoresponses.

The responses of the MB231 cell derivatives to CDDP, Gemzar, and NPCD were detected by MTT after 72 h of treatment as shown in [Figure 4a](#F4){ref-type="fig"}. In response to the CDDP, the D1 clones showed 24% more, and the D1KE clones showed 6% more, viable cells than the vector clones; to Gemzar, there were 20% more viable cells in the D1 and 8% more in the D1KE clones than in the vector clones; to NPCD, 9% more viable cells in the D1 clones and 5% more in the D1KE clones than in the vector clones. Clearly, the D1 clones were less sensitive to these anticancer agents than the vector clones, whereas the D1KE clones also showed decreased sensitivity but less significantly than the D1 clones showed. Next, we applied treatments by combination of 2 μM NPCD with CDDP or Gemzar and the results are shown in [Figure 4a](#F4){ref-type="fig"}. The NPCD potentiated the CDDP effects in all the MB231 derivatives as seen from the dropped viable cell ratio when compared with CDDP being used alone, from 62% to 40% in the vector clones, from 85% to 52% in the D1 clones and from 67% to 51% in the D1KE clones. NPCD showed a very minor effect on Gemzar in the 3 clones. Regardless of the effects on CDDP and Gemzar, the addition of NPCD did not change the response patterns among the 3 clones, showing that the D1 and D1KE clones were less sensitive to the treatments.

![Chemoresponses of the MB231 derivatives to NPCD, CDDP and Gemzar. (a) The responses to single drugs or to combination of NPCD with CDDP or Gemzar detected by MTT assay. (b) AO/EB staining evaluation of cell death after 24-h treatment. (c) Clonogenic survival assay assessment of the persistent effects of the drugs. The 3 wells indicated three consecutive seeding numbers of the same cell clone from same treatment. The chart represents the mean of 3 individual experiments shown as the survivability. \**P*\< 0.05](JC-11-12-g005){#F4}

Drug-induced cell death was evaluated by AO/EB staining and clonogenic survival assay with the same treatments. As shown in [Figure 4b](#F4){ref-type="fig"}, upon the CDDP and Gemzar treatment, the ratio of dead cells (red or orange) over the living cells (green) was higher in the vector clones than in the D1 and the D1KE clones.

The survivability determined by clonogenic survival assay summarized from 3 individual experiments is shown in [Figure 4c](#F4){ref-type="fig"}. Compared with the vector clones, the D1 clones were more sensitive to the NPCD with 20% less survivability but resistant to CDDP with 8% more cell survival and were slightly resistant to Gemzar. The D1KE clones were more resistant to all treatments with about 10% more survivability than the vector clones and they were less resistant to CDDP than the D1 clones with 5% less survivability. The response to drug persistent effects among the 3 clones further confirmed that the D1 and D1KE clones are less sensitive to the treatments.

Ectopic expression of neither the D1 nor the D1KE protein in MB231 has any effect on cell cycle but does enhance the anchorage-independent cell growth {#sec2-15}
------------------------------------------------------------------------------------------------------------------------------------------------------

We next evaluated the cell cycle regulatory proteins and the cell cycle profile in the MB231 clones. The levels of several G1 phase proteins were estimated under the serum-free or 10% FBS culture conditions as shown in [Figure 5a](#F5){ref-type="fig"}; the D1, CDK4, and p27 proteins were obviously induced by 10% FBS in the vector and the D1 clones but only with minor induction in the D1KE clones. At the serum-free condition, these proteins were more abundant in the D1KE clones than in the vector and the D1 clones. The levels of CDK2, CDK6, cyclinE, Rb, and CDK4/6 phosphorylated Rb proteins were similar in all 3 clones and without obvious change between the 2 culture conditions. The levels of Myc protein were similar among the 3 cell clones without obvious induction by 10% FBS in all the cell clones.

![Effects of ectopic expression of D1 or D1KE protein in MB231 cell on the cell cycle protein expression and cell growth. (a) Western blot assay determination of the expression of several cell cycle regulatory proteins under serum free or 10% fetal bovine serum (FBS) culture conditions. (b) Cell proliferation measured by diphenyltetrazolium bromide assay under serum-free and 10% FBS culture conditions within 96 h. (c) Soft-agar assay to assess the anchorage-independent growth of the MB231 cell clones. ^\*^*P*\< 0.05.](JC-11-12-g006){#F5}

The cell proliferation was evaluated over a 96-h time period as shown in [Figure 5b](#F5){ref-type="fig"}. Ectopic expression of the D1 protein did not promote the MB231 cell growth or change the effect of serum on cell growth. The cell cycle analysis further confirmed the MTT results, which demonstrated that neither the D1 clones nor the D1KE clones showed growth advantage under serum-free or 5% FBS culture condition \[[Supplementary Table](#T2){ref-type="table"}\]. However, the anchorage-independent cell growth was highly induced in the D1KE clones, whereas there was only minor induction observed in the D1 clones as shown in [Figure 5c](#F5){ref-type="fig"}. Overexpression of D1 protein was reported to enhance the anchorage-independent cell growth\[[@ref25][@ref26]\]; and here, our results further indicated that the function of D1 in promoting the anchorage-independent cell growth is likely CDK4 activity independent.

###### 

Cell cycle patterns of MB231 cell clones

![](JC-11-12-g007)

So far, we could exclude the possibility that ectopic expressed cyclinD1 proteins modulate chemoresponses through facilitating cell cycle and cell growth in the MCF7 and MB231 cells. Besides, ectopic expression of D1 or D1KE protein in these 2 cell lines exhibits opposite effects on the cells' response to the same treatment.

Gemzar triggers different signaling in MCF7 and MB231 cells, and in co-operation with ectopic expression of cyclinD1 protein, resulting in distinct effects {#sec2-16}
-----------------------------------------------------------------------------------------------------------------------------------------------------------

Gemcitabine (2',2'-difluorodeoxycytidine) is a nucleoside analogue with potent activity against various solid tumors.\[[@ref27][@ref28]\] It has been used as first-line drug to treat the breast cancer patients with metastasis or relapse after receiving other chemotherapies. As the D1 and D1KE clones derived from MCF7 and MB231 cells showed different sensitivities to Gemzar, we then performed further studies to reveal the signaling associated with cyclinD1 in response to Gemzar treatment.

In the MCF7 cell clones, given 1 μM of Gemzar for 24 h, several cell cycle proteins were assessed as shown in [Figure 6a](#F6){ref-type="fig"}. The levels of D1, CDK4, CDK6, CDK2, cyclinE, and p53 proteins increased upon the treatment in all 3 cell clones with the vector clones increasing most dramatically, whereas the p21 and p27 increased only in the vector clones. We did not detect obvious change of several key factors involved in apoptotic or nuclear factor kappa B (NF-kB) pathways at the RNA or protein level in response to the Gemzar treatment. Cell cycle was assessed after 48 h of treatment as shown in [Figure 6b](#F6){ref-type="fig"}; the only obvious change induced by Gemzar in the 3 cell clones was a 12% decrease of the G1 phase in the D1KE clones. Moreover, the 3 cell clones shared very similar cell cycle patterns either with or without Gemzar treatment condition. The cell cycle patterns did not reflect the changes in the cell cycle regulatory proteins; we hypothesize that in the MCF7 cell clones, the cell cycle pathway is connected with the signaling interference by Gemzar therefore the changes of cell cycle proteins resulted from the response to Gemzar treatment.

![The patterns of protein expression and cell cycle distribution in the MCF7 cell derivatives responding to Gemzar treatment. (a) Western blot assay detection of the cell cycle regulatory proteins after 24-h treatment. (b) Cell cycle analysis after 24-h treatment. (c) The hypothetic model of the signaling responses upon Gemzar treatment in the 3 clones. Gemzar triggers the TGFb and TP53 in the MCF7 cells, which leads to G1 arrest, meanwhile, it also upregulates the cyclinD1, CDK4, CDK2, and cyclinE protein, which will inhibit Smad3 by phosphorylation. The major differences between the 3 clones are the levels of cyclinE and CDK2 lower in the D1 and D1KE than in the vector clones. The inhibition effects on Smad3 will be less effective in the D1 and D1KE clones, which results in the increased sensitivity to Gemzar treatment. While in the D1KE clones, the level of Myc protein is higher than other 2 clones, which will promote the G1-S phase transition so as to result the less sensitive to Gemzar than the D1 clones](JC-11-12-g008){#F6}

In the MB231 cell clones, after 24 and 48 h of treatment with 1 μM of Gemzar, the levels of cell cycle regulatory proteins were evaluated as shown in the [Figure 7b](#F7){ref-type="fig"}. The cyclinD1 protein dramatically diminished in both the D1 and the D1KE clones but not in vector clones while the CDK4 protein decreased in the D1KE clones only, with no changes of CDK6 protein in the 3 clones. Meanwhile, an increase of cyclinD3 protein was detected in all 3 cell clones, whose functions may compensate for the D1 protein. The increase of cyclinE, CDK2, p27, and p53 proteins after Gemzar treatment was detected in the vector clones only, whereas a decrease of cyclinE protein was detected in the D1 clones. The Myc protein level dramatically decreased in the Gemzar-treated vector and D1 clones, more obviously in the D1 clones, and with no obvious change in the D1KE clones. Gemzar treatment caused an increase of cleaved PARP protein in all cell clones with the vector clones increasing most obviously and with increase of BCL-2 protein in all cell clones as well.

![The patterns of protein expression and cell cycle distribution in the MB231 derivatives responding to Gemzar treatment. (a) Cell cycle analysis after 24-h treatment. (b) Expression of several cell cycle regulatory proteins after 24 and 48 h of the treatment. (c) The hypothetic model of the signaling responses upon Gemzar treatment. Gemzar triggers NF-kB signaling in the MB231 cells resulting resistance to the drug treatment and degrade the Myc protein. In the D1KE clones, Myc protein becomes more stable, which leads to more resistance to the Gemzar treatment and G1 arrest](JC-11-12-g009){#F7}

Cell cycle analysis of the MB231 cell clones after 48 h of treatment with Gemzar [Figure 7a](#F7){ref-type="fig"} showed that the D1KE clones exhibited more abundant G1 phase (25% more) and a less S-phase cell population (20% less) than the vector and the D1 clones while there was no distinguishable difference between the vector and the D1 clones. Compared with the nontreated groups, Gemzar induced diminished G1 phase, which was about 24% in the vector clones and 17% in the D1 clones, but with no obvious change in the D1KE clones. This result indicated that the CDK4 kinase activity participates in the MB231 cell response to Gemzar.

DISCUSSIONS {#sec1-4}
===========

CyclinD1 was primarily defined as cell cycle regulator, in the past 2 decades, more functions have been discovered with some of them being noncatalytic or CDK4/6-independent functions. One rising question, the role of D1 in the human cancer responses to treatments has been taken into account, while only limited studies have clearly addressed the relationship between D1 level and sensitivity to anticancer treatment except for the endocrine resistance in breast cancer.\[[@ref29]--[@ref31]\]

In this study, ectopic expression of neither the wild-type nor the K112E-mutated cyclinD1 protein had significant impact on the Rb phosphorylation, cell cycle progression, or cell growth in the MCF7 and MB231 breast cancer cells. This result is contradictory to the classic D1 function, especially the D1KE clones do not show diminished Rb phosphorylation, delayed cell cycle, or restrained cell proliferation. The possible explanation for this result could be that the already abundant D1 protein in both cell lines limits the exogenous D1 proteins' functions due to the availability of CDK4, CDK6, or p21 and p27. Moreover, exogenously expressed D1 protein provides a negative feedback signal leading to downregulation of endogenous D1 expression, which is the case in MCF7 cell clones as shown the RT-PCR results in [supplementary Figure a](#F8){ref-type="fig"}. Another reason could be, in these 2 cell lines, continuously activated cell cycle progression has been governed by factors other than cyclinD1CDK4/6, such as Myc, to activate cyclinECDK2, drive cells into S phase.\[[@ref32]\] The anchorage-independent cell growth was dramatically enhanced in the D1KE clones, and over stronger than the D1 clones in both cell lines, which suggested D1 functioning as the catalytic function-independent context.

![(a) RT-PCR assay detection of the genes expression in the MCF7 cell clones without or with 1 μM of Gemzar treatment for 24 h. (b) RT-PCR assay detection of the genes expression in the MB231 cell clones without or with 1 μM of Gemzar treatment for 24 and 48 h](JC-11-12-g010){#F8}

In MCF7 cells, ectopic expression of D1 protein sensitized the cells to CDDP, Gemzar, and NPCD, as demonstrated by MTT, clonogenic survival assay, and AO/EB staining, and these effects are probably CDK4 kinase activity dependent. Gemzar treatment induced obvious increases of the CDK6, CDK2, cyclinE, and p53 proteins and the changes were more obvious in the vector clones than in the D1 and D1KE clones. As Hernandez-Vargas *et al*.\[[@ref33]\] reported, gemcitabine induced expression and activation of the tumor necrosis growth factor-beta2 (TGFβ2) and TP53 signaling in the MCF7 cells and the genes involved in the cell cycle; metabolism and cell growth signaling changed more obviously. The cyclinD1CDK4 and cyclinECDK2 kinases were shown to repress small mothers against decapentaplegic (Smad3)-mediated G1 arrest by phosphorylation of the Smad3 protein in the MCF7 cells,\[[@ref34][@ref35]\] whereas the Smad3, as one of the important effectors in the TGFβ signaling pathway, is triggered by gemcitabine in this cell line. Combining their reports and our finding here, we think that the enhanced sensitivity to Gemzar in the D1 clones is due to the lower levels of CDK4, CDK2, and cyclinE proteins in this particular clone, which leads to impaired inhibition effect on the Smad3-mediated G1 arrest as we illustrated in [Figure 6c](#F6){ref-type="fig"}. However, how ectopic expression of D1 proteins affects cell cycle proteins' expression is still unrevealed. The subsequent effects in mediating the responses of different cell clones to Gemzar or to other chemotherapeutic drugs remain unclear. Future studies are needed to address these questions.

In the MB231 cells, ectopic expression of either the wild-type or the K112E-mutated D1 protein attenuated the sensitivity to CDDP and Gemzar, which did not result from accelerated cell proliferation. Gemzar treatment caused dramatically diminished Myc protein in the vector and D1 clones but not in the D1KE clones and the changes were not due to transcriptional repression \[[Supplementary Figure b](#F8){ref-type="fig"}\]; meanwhile, BCL-2 protein increased in the 3 clones with more obvious in the D1KE clones. The MB231 cell displays a higher basal level of NF-kB activity, which would be further induced\[[@ref36]--[@ref38]\] and contributes to the resistance of hormone and chemotherapeutic treatments. Gemcitabine triggers NF-kB transcriptional activity through activation of the I-kappa B kinase alpha (IKKa)\[[@ref33]\] and, more importantly, this response is gemcitabine and the MB231 cell line bispecific. The IKKa associates and phosphorylates the D1 protein at Threonine286 leading to D1 protein nuclear exportation and degradation\[[@ref39]\] as here we detected obvious decrease of D1 protein in the Gemzar-treated D1 and D1KE clones. The oncoprotein Myc displays prominent and direct effects on invasion, migration, and metastasis besides its function on survival and proliferation.\[[@ref40]\] Myc sensitizes tumor necrosis factor (TNF)-induced apoptosis through inhibition of NF-kB transcription activity by impaired p65/RelA (v-rel-reticuloendotheliosis viral oncogene homologue A) transactivation;\[[@ref41]\] especially in MB231 cells, the highly expressed Myc protein is implicated as a regulator of poor prognosis. The stability of Myc protein is controlled at multiple stages, including the phosphorylation and ubiquitin proteolysis system.\[[@ref42]\] A recent study has shown in MCF7 cells\[[@ref43]\] that IKKa directly interacts with Myc to prolong Myc protein half-life. Here, in the MB231-derived cell clones, the different sensitivities in responding to Gemzar are likely associated with Myc protein level and its stability. Gathering results from others and ours showing here, the hypothetic signaling network in response to Gemzar treatment is illustrated in [Figure 7c](#F7){ref-type="fig"}. The patterns of Myc protein shown on the Western blot displays differently among the 3 cell clones, that are without treatment appearing as multiple bands in the D1KE clones while there was only a dominant single band in the vector and D1 clones. After exposure to Gemzar, in the D1KE clones, the Myc protein remained abundant without obvious change and cells were arrested in G1 phase, while in the other 2 clones, the Myc protein dramatically decreased and cells were retained in S phase. The mechanisms on how the ectopic expression of D1 or D1KE protein affects the Myc protein level remain to be further studied.

Additionally, in both MCF7 and MB231 cells, attenuation effects of the CDK4 inhibitor on Gemzar were consistently detected. Hyperactivation of the cyclinD1CDK4/6 exists in different types of human tumors, and targeting the CDK4/6 has been shown as a promising anticancer approach.\[[@ref44][@ref45]\] Unexpectedly, inhibition of CDK6\[[@ref46]\] or CDK4\[[@ref47]\] could restrain NF-kB signaling, and the functions conflict with the function of Gemzar. Therefore, from a clinical perspective, combining targeted therapy with common chemotherapeutic drugs in the treatment of human cancers has to be done cautiously.

In conclusion, we report that ectopic expression of the wild-type or K112E-mutated human cyclinD1 proteins in MCF7 and MB231 breast cancer cells results in different effects on the response to CDDP and Gemzar. In the MCF7 cells, ectopic expression of D1 protein sensitizes responses to CDDP, Gemzar, and CDK4 inhibitor in a CDK4 kinase activity-dependent context. In the MB231 cells, ectopic expression of D1 protein imposes resistance to CDDP, Gemzar and CDK4 inhibitor, which is less CDK4 kinase activity dependent. The changes of the drug sensitivities in the MCF7 and MB231 cells are not resulted from D1-induced acceleration of cell cycle by activating CDK4/6 and repressing Rb. Meanwhile, the CDK4 inhibitor has a potent effect on CDDP but attenuates the effect on Gemzar in both MCF7 and MB231 cells and their derivatives. To our knowledge, this is the first study through concurrent ectopic expression of the wild type of D1 and D1KE proteins to investigate the function of cyclinD1 in modulating chemoresponses in breast cancer cells. Furthermore, inhibition of CDK4 activity diminishes the effects of Gemzar, which indicates that the combination of targeted therapy with chemotherapeutic drugs must be done cautiously in the clinical application.

The mechanisms on how ectopic expression of D1 or D1KE protein interferes with cellular protein expression and the associated signaling in mediating response to Gemzar are further to be explored.
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